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Herd-level bovine tuberculosis 
risk factors: assessing the role 
of low-level badger population 
disturbance
David M. Wright1,2, Neil Reid1,3,4, W. Ian Montgomery1,3,4, Adrian R. Allen5, Robin A. Skuce1,5 
& Rowland R. Kao2
Bovine TB (bTB) is endemic in Irish cattle and has eluded eradication despite considerable 
expenditure, amid debate over the relative roles of badgers and cattle in disease transmission. Using 
a comprehensive dataset from Northern Ireland (>10,000 km2; 29,513 cattle herds), we investigated 
interactions between host populations in one of the first large-scale risk factor analyses for new 
herd breakdowns to combine data on both species. Cattle risk factors (movements, international 
imports, bTB history, neighbours with bTB) were more strongly associated with herd risk than area-
level measures of badger social group density, habitat suitability or persecution (sett disturbance). 
Highest risks were in areas of high badger social group density and high rates of persecution, 
potentially representing both responsive persecution of badgers in high cattle risk areas and effects 
of persecution on cattle bTB risk through badger social group disruption. Average badger persecution 
was associated with reduced cattle bTB risk (compared with high persecution areas), so persecution 
may contribute towards sustaining bTB hotspots; findings with important implications for existing 
and planned disease control programmes.
Bovine tuberculosis (bTB), caused by the bacterium Mycobacterium bovis, has proven difficult to control 
and eradicate in Irish cattle, despite most EU countries being officially disease free. Intensive ongoing 
efforts to control the disease are based on a Government sponsored regime of tuberculin testing and 
slaughter of infected cattle, an expensive programme for both farmers and the government1. A range of 
herd-level risk factors for bTB have been identified in previous studies, although the composition of such 
lists varies depending on the context, scale of investigation and study period2–5.
The presence of a wildlife reservoir of infection (the Eurasian badger Meles meles) has been identi-
fied as a major factor contributing towards the difficulty of bTB eradication in Ireland6. However, the 
importance of badgers in maintaining the cattle epidemic is extremely controversial7–9, and the ways in 
which badger population dynamics affect levels of bTB in cattle populations at national scales are little 
understood with few large-scale studies10,11. In parts of Great Britain where badger populations have 
increased rapidly (i.e. south-west England)12,13, the estimated risk of bTB infection at the herd-level is 
positively associated with badger population density10. However, the absence of associations between 
cattle bTB risk and badger population densities in other areas may simply be due to low prevalence of 
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bTB infection in both the cattle and badger populations such that there is an insufficient signal to noise 
ratio for an association to be detected.
The effect of badger population disruption has been debated in the context of specific culling efforts 
to control bTB. Whilst large-scale proactive culling of badgers has been associated with decreased bTB 
inside cull areas9,14, culling of badgers at both large and small spatial scales has been associated with 
increased bTB incidence in herds neighbouring cull areas with the mechanism thought to be badger 
social group disruption and migration (so called ‘perturbation’)9,15–18. Besides officially sanctioned culls 
there is evidence of low but sustained levels of illegal culling and sett disturbance (badger persecution) 
across Great Britain12,19,20.
Here we investigated, for the first time, whether there is evidence for an association between cattle 
bTB risk and illegal persecution of badgers. We used a spatially explicit model to assess not only the 
potential contribution of badger social group density to the dynamics of bTB but also its interaction with 
persecution (sett interference). The perturbation hypothesis states that when a badger sett is disturbed 
or some resident badgers killed, surviving social group members are more likely to disperse, increasing 
contact rates with badgers in neighbouring social groups and potentially spreading bTB16. However, 
while in areas with high levels of persecution we might expect to find increased incidence of bTB, the 
impact of low levels are as yet unquantified.
We combined data on the cattle and badger populations in Northern Ireland to produce a compre-
hensive list of risk factors concentrating on aspects of bTB risk potentially influenced by interactions 
between the two host populations. We also addressed several other important issues including the impact 
of international, cross-border cattle imports. By identifying herd-level risk factors of bTB infection, we 
aim to aid the eradication programme by informing farmers, veterinarians and policy-makers on the 
strategies most likely to reduce disease incidence. We specifically address the following questions: i) What 
are the cattle-related risk factors for herd-level bTB detection (herd breakdowns)? ii) Is cattle bTB risk 
associated with badger social group density and/or habitat suitability? iii) Is badger persecution (specif-
ically, sett interference) associated with increased bTB risk?
Methods
Bovine tuberculosis in cattle. Anonymised tuberculosis test results (tuberculin skin test) and ani-
mal movement data for all active cattle herds (i.e. those with animals present at the beginning of the 
calendar year) in Northern Ireland during the period 2004 to 2011 were made available from the Animal 
and Public Health Information System (APHIS21) curated by the Department of Agriculture and Rural 
Development (DARD). We calculated eight variables describing potential bTB risk for each of 185,589 
farm-years spread among 29,513 cattle herds (Table 1).
Badger population data. Data describing the badger population were provided courtesy of DARD 
from the ‘Badger Survey of Northern Ireland 2007/08’22,23. For details of access arrangements for both 
datasets, please contact the corresponding author. The most south-westerly 1 km square in each 10 km 
square in Northern Ireland was surveyed for badger activity, along with additional 1 km squares in areas 
expected to have high badger density (total n = 212, Supplementary materials Fig.  1). The number of 
main setts (also taken as the number of badger social groups) was surveyed in each square (for full 
methodology of sett classification see22). Badger population variables were stored as layers within a 
Geographical Information System (GIS). We extracted two measures of badger abundance for each herd 
location (Table  1); mean social group density (i.e. active main setts) per 1 km2 (interpolated between 
survey sites using the Kriging tool in Spatial Analyst for ArcGIS 10.2; ESRI, California, USA) and an 
index of habitat suitability derived from a spatially explicit Species Distribution Model (SDM) associating 
badger main sett presence with landscape features (for full methodology of sett classification see22). An 
index of badger persecution (range 0–1) was also extracted by Spatial Kriging, indicating the probability 
of interference with sett structure during 2007/08 recorded as (1) recent digging, (2) entrances being 
blocked with soil, boulders, branches or other debris inserted directly into holes, (3) dumping of farm 
debris including bricks on top of setts, (4) agricultural disturbance such as setts being ploughed over or 
damaged by livestock trampling, (5) development such as the construction of roads or newly built houses 
and (6) other sources of disturbance such as slurry being pumped into holes20. Values were extracted for 
each cattle herd location, represented by the point location of the main farmhouse/buildings. Farms in 
Northern Ireland tend to be small (modal farm size of 20–30 ha24) and so attributes extracted at the farm 
building location are likely to be representative of the overall farm characteristics.
Statistical analysis. Herd-level incidence of new bTB breakdowns was examined using logistic 
regression. Incidence was defined as the number of new breakdowns in a given year divided by the num-
ber of herds active during that year. A herd scored 1 if there was a new confirmed breakdown (defined by 
positive laboratory culture of M. bovis) within a given year and 0 otherwise (in Northern Ireland all herds 
are tested at least once a year, in comparison with Great Britain where testing frequency varies geograph-
ically with bTB risk). Herds with unconfirmed or inconclusive skin test results scored 0. The aim was to 
identify potential risk factors associated with new herd breakdowns so herds undergoing a continuing 
breakdown were excluded from the risk-set (denominator of the incidence calculation) until the calendar 
year following that in which the breakdown had been declared over, which occurs after two subsequent 
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negative follow-up tests occurring at least 60 days apart (i.e. a breakdown extending over two years would 
only be counted in the first year). A summary of the number of herds in each category is given in sup-
plementary Table S1. When a breakdown occurs neighbouring herds are then tested (lateral check tests); 
breakdowns detected as a result of these were also included in the analysis as we wanted to examine the 
effect of test results for neighbouring herds. In this analysis, neighbouring herds were defined as having 
locations (of main farm buildings) within a 1 km radius of the focal farm, a distance chosen because the 
average number of neighbours within this radius (8.75) was similar to survey-based estimates of the aver-
age number of neighbouring farms with contiguous boundaries to a focal farm25. Candidate explanatory 
variables were screened prior to multivariable modelling and only those associated with bTB incidence 
at P < 0.1 in univariable models were retained (Table 1). Year was fitted as a random factor to account 
for temporal trends in incidence and a separate random effect was also fitted for each herd to adjust for 
residual farm-level dependencies in risk (e.g. some business practices might increase risk in a manner not 
captured by the measured cattle variables). Badger population variables were standardised, subtracting 
the mean and scaling by 2 standard deviations (SD). This transformation allows approximate compar-
ison of effect sizes with those of binary variables because the difference between outcomes for binary 
variables is approximately 2 SD and so coefficients for the rescaled continuous variables will represent a 
similar difference. Variables describing herd size and number of cattle movements were categorised into 
bands broadly representative of different farm business models (smallholder, medium-sized traditional 
farm, large-scale intensive farm; closed vs. open herd) for comparability with previous studies10. A base 
cattle-only model was fitted and compared with models with various combinations of cattle and badger 
population variables; better fitting models were selected as having lower Akaike’s Information Criterion 
(AIC values). Models assuming different functional forms of the relationship between badger variables 
and bTB risk (i.e. transformed predictors) were also compared with those assuming linear relationships. 
As a sensitivity analysis the selected cattle-badger model was refitted using only data from herds located 
in grid squares in which badger setts were surveyed, to determine whether patterns observed using 
the full dataset were consistent with those where badger variables were measured (rather than spatially 
interpolated).
Models were fitted using the lme4 package in R version 3.026,27 and assessed using the Area Under 
the Curve (AUC value) derived from the Receiver Operating Characteristic (ROC) curve. The effect of 
residual spatial variation was assessed by inspecting variograms for each year up to a maximum distance 
of 15 km using the geoR28 package (Supplementary Fig. 2).
Temporal trends in bTB risk. To further investigate relationships among cattle and badger vari-
ables, we conducted a descriptive analysis comparing temporal trends in bTB incidence in cattle in 
areas with high and low badger persecution, both before and after the badger population data were 
collected (autumn-winter 2007/08) in order to infer the directionality of any identified relationships 
Variable Description
(a) Cattle risk factors
 Herd size Number of animals present on 1st January categorised as 0–10, 10–100 and > 100 cattle.
 Herd type Beef or Dairy (if > 50% of the herd dairy breeds).
 bTB history
Whether the herd had a history of (confirmed) bTB. The number of years since a herd had an open 
breakdown (7 categories: No history, 1, 2, 3, 4, 5, 6–10; i.e. 1 = breakdown in the previous year). The 
baseline group was herds with no bTB history during the past 10 years. Second breakdowns in the same 
calendar year were excluded from the risk set.
 Neighbours Number of active neighbouring herds in the previous calendar year (range 0–36, mean 8.75, SD = 4.41). Neighbours defined as herds within a 1 km radius of the focal farm centroid.
 bTB +ve neighbours Number of neighbouring herds in which a confirmed bTB breakdown occurred during the previous year (range 0–11, mean = 0.44, SD = 0.77).
 Moves Number of batches of animals moved into the herd during the previous year (0, 1–10, > 10).
 Imports Animals imported from the Republic of Ireland (ROI) during the previous year (yes/no)
 Year Year
(b) Badger risk factors (for full Methods see Reid et al. 2011)
 Social group density Density of badger main setts per km
2 interpolated using Spatial Kriging and extracted at the herd location 
(range 0.075–1.618, mean = 0.70, SD = 0.25).
 Habitat suitability Index for the digging of main setts derived from a spatially explicit Species Distribution Model (range 1.03–9.77, mean = 6.10, SD = 1.69).
 Persecution Index of badger persecution (range 0–1, mean = 0.26, SD = 0.25) indicating the probability of interference with sett structure during 2007/08 e.g. recent digging, blocking of entrances etc.
Table 1.  List of candidate explanatory variables predicting cattle bTB breakdown using logistic 
regression.
www.nature.com/scientificreports/
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Figure 1. Predicted mean bTB risk across cattle herds in areas with high and low rates of badger 
persecution against badger social group (sett) density, Northern Ireland, 2004–2011. Herds were 
classified by social group density (10 bins) and mean risk calculated for each bin. High persecution areas 
had a probability of sett disturbance > 0.35. Dashed horizontal lines indicate overall mean predicted 
bTB incidence for each time period (across all areas). Vertical dotted lines indicate the upper quartile of 
sett density, 0.83 groups km−2, separating low and high density areas. 95% confidence bands estimated 
by simulation from the fitted models. Details of models on which predictions are based are given in 
supplementary Table S4. Plot shows minimal changes in patterns of cattle bTB risk in areas with high and 
low rates of badger persecution over time.
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between persecution and bTB incidence. High incidence in areas subsequently found to have relatively 
high persecution would be consistent with persecution being largely a response to high local bTB risk. 
We also reasoned that if persecution reduced risk we might expect a disproportionately large decrease 
in incidence immediately after the badger survey in areas with high persecution compared with low 
persecution areas, over and above any longer term incidence trends. However, such an effect might be 
obscured if patterns of persecution changed dramatically in the period immediately after the badger 
survey (e.g. if persecution increased in low persecution areas and vice versa), so changes in incidence 
cannot be unambiguously associated with persecution at a particular time point. The study period was 
split into two year intervals (2004/05, 2006/07, 2008/09 and 2010/11) and the selected cattle-badger 
model was fitted to data from each interval separately. Herd-level predictions of bTB risk were extracted 
and used to calculate expected bTB incidence by badger main sett density. Preliminary analysis showed 
persecution risk was low but had a strongly right-skewed distribution. Herds in areas with persecution 
indices in the upper quartile of the distribution (probability of sett disturbance > 0.35) were perceived as 
high persecution areas representing 29% (2,941 km2) of the land area with active cattle herds compared 
with herds in other areas (i.e. perceived low persecution over 7,355 km2).
Results
There was a total of 8,864 new cattle herd bTB breakdowns in our dataset from 2004 to 2011 (Supplementary 
Table S1) Incidence of new herd breakdowns declined by 62% during the same period from 6.3% to 
2.4%. There was substantial support for the model containing both cattle and badger population variables 
(Table 2, AIC values: cattle only model = 64,405; badger only model = 69,842; combined model = 64,106) 
though predictive power was modest (AUC = 0.763). Predictive power was higher for the badger only 
model but this is likely to have been due to over-fitting (see discussion in supplementary materials). There 
was no evidence that the relationships between bTB risk and badger variables were non-linear (non-linear 
specifications did not substantially improve model fit, Supplementary materials - Table S3). New breakdown 
herds had marked differences in characteristics to non-breakdown herds (Supplementary Table 2). Herd 
size was associated with the largest variation in risk of bTB breakdown (more than two-fold increase in risk 
for large relative to medium-sized herds, Table 2). There was no difference in risk between beef and dairy 
herds. Risk of breakdown was elevated by more than two-fold in herds that had experienced a breakdown 
during the previous year relative to herds with no breakdowns during the past decade. This effect was 
attenuated as time since previous breakdown increased but herds with breakdowns 6–10 years previous 
remained at 44% increased risk. There was a positive association between risk of breakdown and whether 
neighbouring farms experienced a bTB breakdown during the previous year (risk increased by 26% for 
each infected neighbouring farm) and a very weak negative association with the total number of neigh-
bours. Risk also increased with the number of cattle movements; importing up to 10 batches of cattle 
from herds within Northern Ireland increased the risk by a third whilst importing more than 10 batches 
of cattle more than doubled the risk of a breakdown. Moreover, importing animals from the Republic of 
Ireland was associated with an additional increase in risk of 17% (Table 2). Associations between bTB 
risk and cattle variables were consistent throughout the study period (supplementary material, Table S4).
Of the badger variables, social group density, habitat suitability and persecution were retained in the 
final model along with interactions between them (Table  2). At mean levels of persecution and social 
group density, a two standard deviation increase in the suitability of the habitat for main sett construc-
tion was associated with a 12% increase in risk of a farm experiencing a breakdown (Table 2, for sum-
mary of variable distributions see Table 1). Breakdown risk was associated with variation in probability of 
badger persecution (sett disturbance) with an interaction between the effects of persecution and badger 
social group density (i.e. number of main setts). Areas with low rates of persecution sustained small 
increases in bTB risk with increasing social group density but in areas with high rates of persecution, 
bTB risk increased considerably with social group density across all time periods (Table  2, Fig.  1). In 
high persecution areas the relationship was non-linear with increases in predicted incidence only in 
areas with > 0.83 social groups per km2. There was a positive correlation between badger social group 
density and persecution (ρ = 0.58, P < 0.001). Areas with the highest social group density and highest 
rates of persecution were in the south-east of the region i.e. Co. Down (Fig. 2). Estimates of associations 
between predictor variables (both badger and cattle) and bTB risk using only data from grid squares in 
which badgers were surveyed were consistent with those obtained using the full dataset (see sensitivity 
analysis, Supplementary materials).
Temporal trends in bTB risk. The majority of grid squares had low badger social group density 
(interpolated) and a low rate of persecution and so the predicted bTB incidence in areas of low persecu-
tion tracked the overall decreasing trend in cattle bTB incidence better than the high persecution profile 
(Fig. 1). Areas with high badger social group densities (in the upper quartile; > 0.83 groups km−2) and 
high rates of persecution remained at elevated risk of breakdown (bTB hotspots) regardless of temporal 
trends in bTB incidence in the rest of the country. In low persecution areas the weak positive associa-
tion between social group density and incidence was similar before (2004–2007) and after (2008–2011) 
collection of badger population data. Breakdown risks before the badger survey were greater in high 
compared with low persecution areas, especially at higher badger social group densities (Fig.  1). High 
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persecution areas remained at greater risk than low persecution areas after the badger survey and the 
decreases in risk during these periods (2008–2009 and 2010–2011) were similar across both persecution 
categories. There was no apparent change in the slope of the risk profile of high persecution areas moving 
from the period immediately before (2006–2007) to after (2008–2009) the badger survey or convergence 
of the high and low persecution risk profiles after the badger survey.
Discussion
In our population scale comparison of bTB risk factors for new herd breakdowns, cattle-related fac-
tors were a far better predictor of bTB risk than badger-related factors in terms of model fit. Herd size 
was a key predictor and high bTB risks have been previously associated with large herds in the UK 
and Ireland10,11,29,30. Similarly, bTB breakdowns on neighbouring farms, high local prevalence or a his-
tory of bTB have been strongly associated with increased risk of breakdown30–33. Recurrent breakdowns 
may result either from re-infection, potentially from the same source if biosecurity practices remain 
unchanged, or from infection persisting undetected within a herd34,35. The moderate sensitivity of the 
tuberculin skin test, the primary diagnostic test used to screen herds for bTB, has been highlighted36–38 
and so the contribution of undetected infection towards recurrent breakdowns may be considerable35,38–40. 
In contrast with a recent study which reported that dairy herds in Northern Ireland were likely to have 
breakdowns at more frequent intervals than beef herds33, we found no additional risk associated with 
dairy herds, possibly because different methods were used to identify dairy herds (breed vs. milk licence 
Variable Unit OR CI
(a) Cattle risk factors
 Herd size 0–10 0.23 (0.20, 0.25)***
10–100 1.00
100+ 2.27 (2.15, 2.39)***
 Herd type Beef 1.00
Dairy 1.00 (0.95, 1.06) 
 bTB history No history 1.00
1 2.33 (2.17, 2.49)***
2 2.10 (1.94, 2.26)***
3 1.83 (1.68, 1.99)***
4 1.83 (1.67, 2.01)***
5 1.69 (1.53, 1.88)***
6–10 1.44 (1.33, 1.57)***
 Neighbours 0.99 (0.99, 1.00)* 
 bTB +ve neighbours 1.26 (1.23, 1.29)***
 Moves 0 1.00
1–10 1.29 (1.22, 1.38)***
10+ 2.05 (1.90, 2.21)***
 Imports No 1.00
Yes 1.17 (1.07, 1.28)***
(b) Badger risk factors
 Social group density 1.08 (1.02, 1.15)** 
 Habitat suitability 1.12 (1.07, 1.18)***
 Persecution 1.06 (1.00, 1.12).
  Habitat suitability *    
Persecution 1.15 (1.01, 1.30)*
  Social group density * 
Persecution 1.39 (1.29, 1.49)***
  Social group density * 
Suitability 0.79 (0.70, 0.89)***
Table 2.  Adjusted risk of new bTB breakdowns in cattle herds in Northern Ireland, 2004–2011. 
Estimated odds ratios (ORs) and 95% Confidence Intervals (CIs) for a range of cattle- and standardized 
badger-related risk factors given. Ranges for standardized badger population variables: social group density 
− 1.24 to + 1.84; habitat suitability − 1.51 to + 1.09; persecution − 0.51 to + 1.49. Significance values: 
***P < 0.001; **P < 0.001; *P < 0.05; P < 0.1.
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based). Buying multiple batches of cattle is an established bTB risk factor40,41, especially when animals are 
sourced from herds with a history of bTB42,43 and this was associated with the second largest increase in 
bTB risk in our study (after herd size). There was an independent additive effect of international imports 
Figure 2. The geographical distribution of cattle bTB breakdowns and risk factors, Northern Ireland. 
Cattle variables measured 2004–2011, badger variables measured 2007–2008. (a) bTB cattle breakdowns, (b) 
herd size, (c) herd type [proportion of herds dairy], (d) bTB history [confirmed breakdown during past two 
years], (e) neighbours, (f) bTB +ve neighbours, (g) moves, (h) imports, (i) social group density, (j) badger 
suitability and (k) badger persecution. Maps created in ArcGIS v10.2 (ESRI, California, USA).
www.nature.com/scientificreports/
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from the Republic of Ireland on bTB risk despite mandatory skin testing of all cattle prior to importation, 
further illustrating the limitations of current diagnostic tests in preventing movement of infected cattle. 
These results indicate that there remains considerable scope for reducing bTB risk through controls 
focused solely on addressing the well-established risks of cattle movement and persistent infection, by 
maintaining truly closed herds, enhancing biosecurity where possible and by efforts to improve consist-
ency and sensitivity of the tuberculin test44 or to employ supplementary diagnostic tests more effectively 
to detect persistent infection45. As there were no major changes in bTB control policy and associations 
between bTB incidence and cattle population variables remained consistent throughout the study period, 
the decreasing trend in incidence is unlikely to be due to changes in the bTB control programme and 
remains largely unexplained.
Variation in incidence of bTB in cattle associated with the badger population was small in compari-
son with cattle variables but high badger social group density, habitat suitability and badger persecution 
were associated with elevated cattle bTB risk. The highest risks were found in areas of high badger 
social group density coupled with high rates of persecution through sett interference, with two poten-
tially non-exclusive explanations for such an association. Firstly, badger persecution may be initiated in 
response to high local cattle bTB prevalence in an effort to protect herds from (re)infection, especially 
where badgers are common and, hence, a more visible perceived threat and accessible target20. Secondly, 
high persecution may lead to disruption of badger social groups and subsequent migration and transfer 
of the disease to proximate cattle herds, increasing bTB risk. This mechanism, the so called ‘perturbation 
effect’ has been observed in response to both large and small scale badger culling trials in Great Britain46, 
bolstering arguments against badger culling as a means to reduce bTB risk18. Our analysis of bTB risk 
profiles before and after the badger data were collected provides some indication of the relative influence 
of the two mechanisms. Badger persecution was more common in areas that had a history of high cattle 
bTB risk, indicating that responsive persecution is taking place in areas where badgers are perceived to 
be a threat. We found no evidence that badger persecution reduced bTB risk; risk profiles in both high 
and low persecution areas were very similar immediately before and after the badger survey. Our results 
do not exclude the possibility that bTB risk differentials among areas are maintained by continued high 
levels of persecution, potentially through badger population perturbation. The two processes, responsive 
persecution and perturbation may operate in parallel, leading to positive feedbacks which may contribute 
to the persistence of bTB hotspots in certain areas independent of established cattle risk factors. Similarly, 
we cannot rule out an inhibitory effect of high badger persecution on cattle bTB incidence (i.e. without 
persecution, incidence might have been higher still) or that patterns of persecution may have changed 
following the badger survey, potentially obscuring the true relationship between persecution and bTB 
risk. The effect of badger culling on bTB risk has been extensively studied and led to the formulation of 
the perturbation hypothesis17. Our findings indicate that badger sett disturbance (with or without killing 
of the occupants) is also associated with high cattle bTB risk but that the association may be responsive 
as well as causal. Without repeated surveys of badger density and persecution linked to cattle bTB inci-
dence data in high and low persecution areas, it is difficult to speculate which is the dominant process. 
To investigate whether persecution does lead to perturbation, badger movement patterns in high and 
low persecution areas could be compared using GPS-telemetry or molecular epidemiology methods47,48.
An important consideration is whether these findings, based on data from Northern Ireland can be 
extrapolated to other parts of the British Isles. The relative influence of badgers on bTB dynamics in 
Great Britain and the Republic of Ireland has been widely debated, with large scale badger culling trials 
in each country yielding dramatically different results and policy recommendations7. Proactive culling 
of badgers in the Irish ‘Four Areas’ trial was considered effective in reducing cattle bTB incidence, with 
dramatic reductions in cull areas in comparison with reference areas14. In Great Britain, evidence in 
favour of culling was more equivocal; the Randomized Badger Culling Trial (RBCT) in Great Britain 
revealed only modest decreases in cattle bTB incidence in cull areas but increases of a similar magnitude 
in surrounding areas46. Explanations for these differences include inter-country variation in study design, 
bTB testing and control programmes and cattle herd demographics (average herd size is greater in Great 
Britain) but also badger population structure7.
Badger population density in Ireland (in both Northern Ireland and the Republic of Ireland) is thought 
to be low, having remained relatively stable whilst the population in Great Britain has increased12,22,49. 
Therefore, considering solely badger population density, the association between high persecution and 
elevated bTB incidence that we observed at higher social group densities might also be expected to occur 
in Great Britain. Incidence of persecution has not been surveyed in Great Britain in recent years but 
historical trends indicate it is likely to be lower than in Northern Ireland12,20 and so areas with sufficient 
persecution to show this association might be limited. Furthermore, the extent to which badger social 
group behaviour varies between Northern Ireland and Great Britain, particularly with respect to ranging 
and inter-group contact remains largely unknown. For example, a study in Great Britain found that bTB 
positive badgers were likely to range further and have more contact with other social groups than bTB 
negative badgers48 but similar tracking studies have only recently been initiated in Northern Ireland. 
Given these considerations, care should be taken when extrapolating our findings to Great Britain but 
given the greater similarities in both badger and cattle populations we suggest that our results are more 
representative of the situation in the Republic of Ireland.
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Despite the population-scale dataset used, our models had relatively modest predictive power and 
considerable unexplained variation, indicating that the selected variables did not capture all of the 
dynamics of the system and that, in common with many observational studies, unquantified covariates 
were likely to have had an influence on outcomes. Most of the herd-level predictors identified in a global 
review of bTB risk factors2 were included but there was considerable residual variation among cattle in 
risk. Age, sex, breed, concurrent infection(s) and genetic susceptibility to bTB can influence the proba-
bilities of infection and skin test detection, determining whether, and at what point, a herd breakdown 
may be detected2,50–52. Considering bTB risk at the individual-level rather than at the herd-level is likely 
to refine risk estimates and might highlight particular high-risk groups of cattle (perhaps older dairy 
cows and bulls) that should be monitored more closely in disease surveillance programmes. Also, our 
measures of badger population variables, whilst giving comprehensive coverage of the study region were 
collected at a coarser scale than the available cattle population information and so spatial kriging and 
species distribution models were used to interpolate badger variables for each cattle herd location22. 
Additional uncertainty associated with spatially interpolated values is likely to have contributed to the 
modest explanatory power of our model but is unlikely to have substantially altered our findings as esti-
mates obtained using only data from surveyed squares were consistent with those from the full dataset. 
Our findings have implications for the formation of policies to reduce bTB risk in the cattle population. 
We have shown that established cattle risk factors are more closely associated with bTB risk than features 
of the badger population, highlighting the importance of preventing transmission within the primary 
population through discouraging unnecessary cattle movement and increasing further the efficacy of 
testing programmes. Interventions to address these issues, including risk-based trading and bTB testing 
programmes10,53 are likely to be considerably less expensive and more publicly acceptable than schemes 
based on culling of badgers and may be more cost-effective and easier to monitor. However, there is 
evidence that transmission of M. bovis between the two host populations occurs relatively frequently54 
and the associations between bTB risk, badger social group density and persecution that we observed 
indicate that interventions to control bTB in badgers may also play a role, especially where badger-cattle 
transmission acts to seed new breakdowns55. In particular, this is the first study to highlight the potential 
importance of badger population disturbance other than officially sanctioned culling in sustaining the 
bTB epidemic. Persecution did not appear to substantially reduce cattle bTB risk and may have exacer-
bated the problem by triggering perturbation. Therefore, it may be beneficial to inform stakeholders of 
the risks incurred by disturbing setts. These findings should also be considered when designing bTB con-
trol programmes that use sub-lethal interventions in the badger population (including proposed badger 
vaccination programmes56) and efforts should be made to minimise disturbance of badger social group 
structure in the implementation of such programmes.
References
1. Anon. in Bovine TB eradication programme for England (Department for Environment, Food and Rural Affairs, London, 2011).
2. Humblet, M., Boschiroli, M. L. & Saegerman, C. Classification of worldwide bovine tuberculosis risk factors in cattle: a stratified 
approach. Vet Res 40, 50 (2009).
3. Johnston, W. T. et al. Herd-level risk factors associated with tuberculosis breakdowns among cattle herds in England before the 
2001 foot-and-mouth disease epidemic. Biol Lett 1, 53–56 (2005).
4. Mathews, F., Lovett, L., Rushton, S. & Macdonald, D. W. Bovine tuberculosis in cattle: reduced risk on wildlife-friendly farms. 
Biol Lett 2, 271–274 (2006).
5. Skuce, R. A., Allen, A. R. & McDowell, S. W. J. Herd-Level Risk Factors for Bovine Tuberculosis: A Literature Review. Vet Med 
Int 2012, 10 (2012).
6. Phillips, C. J. C., Foster, C. R. W., Morris, P. A. & Teverson, R. The transmission of Mycobacterium bovis infection to cattle. Res 
Vet Sci 74, 1–15 (2003).
7. O’Connor, C. M., Haydon, D. T. & Kao, R. R. An ecological and comparative perspective on the control of bovine tuberculosis 
in Great Britain and the Republic of Ireland. Prev. Vet. Med. 104, 185–197 (2012).
8. Woodroffe, R. et al. Culling and cattle controls influence tuberculosis risk for badgers. P Natl Acad Sci 103, 14713–14717 (2006).
9. Independent Scientific Group on Cattle TB. in Bovine TB: the scientific evidence. (Department of Environment, Food and Rural 
Affairs, London, 2007).
10. Bessell, P. R., Orton, R., White, P. C. L., Hutchings, M. R. & Kao, R. R. Risk factors for bovine Tuberculosis at the national level 
in Great Britain. BMC Vet Res 8, 51 (2012).
11. Vial, F., Johnston, W. T. & Donnelly, C. A. Local Cattle and Badger Populations Affect the Risk of Confirmed Tuberculosis in 
British Cattle Herds. PLoS ONE 6, e18058 (2011).
12. Wilson, G., Harris, S. & McLaren, G. in Changes in the British badger population 1988 to 1997. (People’s Trust for Endangered 
Species, London, 1997).
13. Judge, J., Wilson, G. J., Macarthur, R., Delahay, R. J. & McDonald, R. A. Density and abundance of badger social groups in 
England and Wales in 2011-2013. Sci. Rep. 4, 3809 (2014).
14. Griffin, J. M. et al. The impact of badger removal on the control of tuberculosis in cattle herds in Ireland. Prev. Vet. Med. 67, 
237–266 (2005).
15. Carter, S. P. et al. Culling-induced social perturbation in Eurasian badgers Meles meles and the management of TB in cattle: an 
analysis of a critical problem in applied ecology. P Roy Soc Lond B: Bio 274, 2769–2777 (2007).
16. Macdonald, D. W., Riordan, P. & Mathews, F. Biological hurdles to the control of TB in cattle: A test of two hypotheses concerning 
wildlife to explain the failure of control. Biol. Conserv. 131, 268–286 (2006).
17. Riordan, P., Delahay, R. J., Cheeseman, C., Johnson, P. J. & Macdonald, D. W. Culling-Induced Changes in Badger (Meles meles) 
Behaviour, Social Organisation and the Epidemiology of Bovine Tuberculosis. PLoS ONE 6, e28904 (2011).
18. Bielby, J., Donnelly, C. A., Pope, L. C., Burke, T. & Woodroffe, R. Badger responses to small-scale culling may compromise 
targeted control of bovine tuberculosis. P Natl Acad Sci 111, 9193–9198 (2014).
www.nature.com/scientificreports/
1 0Scientific RepoRts | 5:13062 | DOi: 10.1038/srep13062
19. Sadlier, L. & Montgomery, I. The impact of sett disturbance on badger Meles meles numbers; when does protective legislation 
work? Biol. Conserv. 119, 455–462 (2004).
20. Reid, N., Wilson, G. J., Montgomery, W. I. & McDonald, R. A. Changes in the prevalence of badger persecution in Northern 
Ireland. Eur J Wild Res 58, 177–183 (2012).
21. Houston, R. A computerised database system for bovine traceability. Rev.–Off. Int. Epizoot 20, 652–661 (2001).
22. Reid, N., Etherington, T. R., Wilson, G. J., Montgomery, W. I. & McDonald, R. A. Monitoring and population estimation of the 
European badger Meles meles in Northern Ireland. Wildl. Biol. 18, 46–57 (2011).
23. Reid, N., Etherington, T. R., Wilson, G., McDonald, R. A. & Montgomery, W. I. Badger Survey of Northern Ireland 2007/08. 
Report prepared by Quercus and Central Science Laboratory for the Department of Agriculture & Rural Development (DARD), 
Northern Ireland, UK. (2008).
24. Department of Agriculture and Rural Development. The Agricultural Census in Northern Ireland, http://www.dardni.gov.uk/
agricultural-census-ni-Date of access: 17/02/2015 (2013).
25. O’Hagan, M. J. H., Matthews, D. I., Laird, C. & McDowell, S. W. J. Bovine tuberculosis biosecurity study, County Down, 
Northern Ireland 2010–2011, Available at: http://www.dardni.gov.uk/index/animal-health-and-welfare/animal-diseases/
bovine-tuberculosis/tb-research-and-development/tb-biosecurity-study.htm-Date of access: 17/02/15 (2013).
26. R Development Core Team. in R: A language and environment for statistical computing (R Foundation for Statistical Computing, 
Vienna, Austria, 2012).
27. Bates, D., Maechler, M., Bolker, B. & Walker, S. lme4: Linear mixed-effects models using Eigen and S4. Arxiv e-print. 1406. 5823 
(2014).
28. Diggle, P. J. & Ribeiro Jr, P. J. in Model based geostatistics (Springer, New York, 2007).
29. Griffin, J. M., Martin, S. W., Thorburn, M. A., Eves, J. A. & Hammond, R. F. A case-control study on the association of selected 
risk factors with the occurrence of bovine tuberculosis in the Republic of Ireland. Prev Vet Med 27, 217–229 (1996).
30. Clegg, T. A., Good, M. & More, S. J. Future risk of bovine tuberculosis recurrence among higher risk herds in Ireland. Prev Vet 
Med 118, 71–79 (2015).
31. Denny, G. O. & Wilesmith, J. W. Bovine tuberculosis in Northern Ireland: a case-control study of herd risk factors. Vet Rec. 144, 
305–310 (1999).
32. Griffin, J. M., Martin, S. W., Thorburn, M. A., Eves, J. A. & Hammond, R. F. A case-control study on the association of selected 
risk factors with the occurrence of bovine tuberculosis in the Republic of Ireland. Prev Vet Med 27, 217–229 (1996).
33. Doyle, L. P., Gordon, A. W., Abernethy, D. A. & Stevens, K. Bovine tuberculosis in Northern Ireland: Risk factors associated with 
time from post-outbreak test to subsequent herd breakdown. Prev. Vet. Med. 116, 47–55 (2014).
34. Green, L. E., Carrique-Mas, J. J., Mason, S. A. & Medley, G. F. Patterns of delayed detection and persistence of bovine tuberculosis 
in confirmed and unconfirmed herd breakdowns in cattle and cattle herds in Great Britain. Prev Vet Med 106, 266–274 (2012).
35. Karolemeas, K. et al. Recurrence of bovine tuberculosis breakdowns in Great Britain: Risk factors and prediction. Prev Vet Med 
102, 22–29 (2011).
36. Karolemeas, K. et al. Estimation of the relative sensitivity of the comparative tuberculin skin test in tuberculous cattle herds 
subjected to depopulation. PLoS ONE 7, e43217 (2012).
37. Godfray, H. C. J. et al. A restatement of the natural science evidence base relevant to the control of bovine tuberculosis in Great 
Britain. Proc Roy Soc Lond B: Bio 280, 20131634 (2013).
38. O’Hare, A., Orton, R. J., Bessell, P. R. & Kao, R. R. Estimating epidemiological parameters for bovine tuberculosis in British cattle 
using a Bayesian partial-likelihood approach. Proc Roy Soc Lond B: Bio 281, 20140248 (2014).
39. Conlan, A. J. K. et al. Estimating the hidden burden of bovine tuberculosis in Great Britain. PLoS Comp Biol 8, e1002730 (2012).
40. Brooks-Pollock, E., Roberts, G. O. & Keeling, M. J. A dynamic model of bovine tuberculosis spread and control in Great Britain. 
Nature 511, 228–231 (2014).
41. Reilly, L. A. & Courtenay, O. Husbandry practices, badger sett density and habitat composition as risk factors for transient and 
persistent bovine tuberculosis on UK cattle farms. Prev Vet Med 80, 129–142 (2007).
42. Wolfe, D. M. et al. The risk of a positive test for bovine tuberculosis in cattle purchased from herds with and without a recent 
history of bovine tuberculosis in Ireland. Prev Vet Med 92, 99–105 (2009).
43. Carrique-Mas, J. J., Medley, G. F. & Green, L. E. Risks for bovine tuberculosis in British cattle farms restocked after the foot and 
mouth disease epidemic of 2001. Prev Vet Med 84, 85–93 (2008).
44. Clegg, T. A., Duignan, A. & More, S. J. The relative effectiveness of testers during field surveillance for bovine tuberculosis in 
unrestricted low-risk herds in Ireland. Prev Vet Med. in press (2015).
45. Clegg, T. A. et al. Using latent class analysis to estimate the test characteristics of the γ -interferon test, the single intradermal 
comparative tuberculin test and a multiplex immunoassay under Irish conditions. Vet Microbiol 151, 68–76 (2011).
46. Donnelly, C. A. et al. Impacts of widespread badger culling on cattle tuberculosis: concluding analyses from a large-scale field 
trial. Int J Infectious Diseases 11, 300–308 (2007).
47. Pope, L. C. et al. Genetic evidence that culling increases badger movement: implications for the spread of bovine tuberculosis. 
Mol Ecol 16, 4919–4929 (2007).
48. Weber, N. et al. Badger social networks correlate with tuberculosis infection. Curr Biol 23, R915–R916 (2013).
49. Sleeman, D. P. et al. How many Eurasian badgers Meles meles L. are there in the Republic of Ireland? Eur J Wild Res 55, 333–344 
(2009).
50. Amos, W. et al. Genetic predisposition to pass the standard SICCT test for bovine tuberculosis in British cattle. PLoS ONE 8, 
e58245 (2013).
51. Bermingham, M. L. et al. Genome-wide association study identifies novel loci associated with resistance to bovine tuberculosis. 
Heredity (Edinb) 112, 543–551 (2014).
52. Claridge, J. et al. Fasciola hepatica is associated with the failure to detect bovine tuberculosis in dairy cattle. Nat Comm 3, 853 
(2012).
53. Bessell, P. R. et al. Developing a framework for risk-based surveillance of tuberculosis in cattle: a case study of its application in 
Scotland. Epidemiol Infect 141, 314–323 (2013).
54. Biek, R. et al. Whole genome sequencing reveals local transmission patterns of Mycobacterium bovis in sympatric cattle and 
badger populations. PLoS Pathog 8, e1003008 (2012).
55. Donnelly, C. A. & Nouvellet, P. The Contribution of Badgers to Confirmed Tuberculosis in Cattle in High-Incidence Areas in 
England. PLOS Currents Outbreaks 1, 1–15 (2013).
56. Department of Agriculture and Rural Development. Test and vaccinate or remove (TVR) wildlife intervention research (2014), 
http://www.dardni.gov.uk/index/animal-health-and-welfare/animal-diseases/bovine-tuberculosis/tb-research-and-development/
test-and-vaccinate-or-remove.htm-Date of access: 01/10/2014.
www.nature.com/scientificreports/
1 1Scientific RepoRts | 5:13062 | DOi: 10.1038/srep13062
Acknowledgements
Data on the badger population were collected as part of the Badger Survey of Northern Ireland 2007/08 
funded by the Department of Agriculture and Rural Development (DARD). Anonymised statutory TB 
programme data (APHIS data) were made available by DARD. NR was supported by the Natural Heritage 
Research Partnership (NHRP) between the Northern Ireland Environment Agency (NIEA) and Quercus, 
Queen’s University Belfast. DMW and RRK were supported by a Wellcome Trust Senior Fellowship to 
RRK.
Author Contributions
R.R.K. conceived the study and directed its implementation. W.I.M. was the PI of the badger survey 
whilst N.R. coordinated the badger survey and prepared spatial GIS data. R.A.S. and A.R.A. assisted 
with accessing and interpreting the cattle data. D.M.W. wrote the paper and all authors commented on 
the manuscript at various stages.
Additional Information
Supplementary information accompanies this paper at http://www.nature.com/srep
Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Wright, D. M. et al. Herd-level bovine tuberculosis risk factors: assessing the 
role of low-level badger population disturbance. Sci. Rep. 5, 13062; doi: 10.1038/srep13062 (2015).
This work is licensed under a Creative Commons Attribution 4.0 International License. The 
images or other third party material in this article are included in the article’s Creative Com-
mons license, unless indicated otherwise in the credit line; if the material is not included under the 
Creative Commons license, users will need to obtain permission from the license holder to reproduce 
the material. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/
